Abstract Observed delays in the ground response to solar wind directional discontinuities have been explained as the result of larger than expected magnetosheath propagation times. Recently, Samsonov et al. (2017, https://doi.org/10.1002 showed that the typical time for a southward interplanetary magnetic field (IMF) turning to propagate across the magnetosheath is 14 min. Here by using a combination of magnetohydrodynamic simulations, spacecraft observations, and analytic calculations, we study the dependence of the propagation time on solar wind parameters and near-magnetopause cutoff speed. Increases in the solar wind speed result in greater magnetosheath plasma flow velocities, decreases in the magnetosheath thickness and, as a result, decreases in the propagation time. Increases in the IMF strength result in increases in the magnetosheath thickness and increases in the propagation time. Both magnetohydrodynamic simulations and observations suggest that propagation times are slightly smaller for northward IMF turnings. Magnetosheath flow deceleration must be taken into account when predicting the arrival times of solar wind structures at the dayside magnetopause.
Introduction
Solar wind parameters often change in a discontinuous manner, on time scales ranging from several seconds to several minutes. Two large groups of solar wind discontinuities are interplanetary shocks and solar wind directional discontinuities (DDs). Interplanetary shocks usually bring increases in the solar wind dynamic pressure, but also change the interplanetary magnetic field (IMF) magnitude and orientation. Interacting with the magnetosphere, interplanetary shocks significantly disturb the magnetospheric magnetic field, resulting in sudden impulses in ground observations and sometimes initiating geomagnetic storms (see, e.g., Araki, 1994; Kokubun et al., 1977; Nishida, 1992; Samsonov et al., 2015; Tsurutani et al., 2011 , and a recent review of Oliveira & Samsonov, 2017) .
Within the framework of magnetohydrodynamics (MHD), solar wind DDs can be either tangential or rotational.
Since it is often difficult to classify an observed solar wind discontinuity exactly as a tangential or rotational one, we use the generalized term DD throughout this paper (e.g., Smith, 1973) . DDs only occasionally change the solar wind dynamic pressure, but they always change the IMF orientation. They may be more geoeffective, if they change the sign of the IMF B z . Southward IMF turnings cause the sign of B z to change from positive to negative, while northward IMF turnings have the opposite effect. Southward IMF turnings provide optimal conditions for reconnection on the dayside magnetopause and magnetic flux transfer to the magnetotail (Dungey, 1961) . Northward IMF turnings may trigger magnetospheric substorms (Hsu & McPherron, 2003 , and references therein).
The motion of interplanetary shocks through the magnetosheath and outer magnetosphere has been reasonably well reproduced by MHD simulations (Andréeová, 2009; Goncharov et al., 2015; Koval et al., 2005; Koval,Safránková, Nȇmecek, Samsonov, et al., 2006; Samsonov et al., 2006 Samsonov et al., , 2007 . Fast forward shocks require only 1-2 min to cross the magnetosheath along the Sun-Earth line. Shock speeds in the magnetosheath are slightly lower than those in the solar wind (Koval et al., 2005; .
The interaction of a solar wind tangential discontinuity with the bow shock can transmit a fast forward shock (fast rarefaction wave) into the magnetosheath, if the solar wind density increases (decreases) through For the solar wind input conditions, we use THEMIS B observations of the event on 7 August 2008 studied by Samsonov et al. (2017) . We modify the original THEMIS data, shown in Figure 1 , to keep all plasma parameters (i.e., density and velocity) constant and equal to values before the DD, leaving only the IMF B y and B z components to change. In this MHD run (called run 1 below), the solar wind density at the inflow boundary is 3.26 cm −3 , V x = −346 km/s, and B x = 0. We study the propagation of the DD with a southward turning marked by the red dashed line in Figure 1 . Samsonov et al. (2017) found that the normal of the DD is directed along the Sun-Earth line, and it may be either a tangential or a rotational discontinuity.
We determine positions of the DD in the magnetosheath by two methods: first, using the maximum of the electric current density |j| (j = (∇ × B)∕ 0 ) and second, finding the position where B z = 0 (since the IMF B z changes from +3 to −2 nT at the DD front). Both methods give almost the same results with an accuracy limited only by the finite spatial resolution. We also use three different methods to find the subsolar magnetopause: first, as the maximum in |j|, second, as the boundary between open and closed field line topologies, and third, using the condition V x = 0. Again, the three methods give nearly identical values limited mainly by the grid resolution. We illustrate results of these methods and discuss the role of spatial resolution in Appendix A. The bow shock position is given only by a maximum in |j|. Figure 2a shows simulation predictions for variations of the magnetopause, DD, and bow shock positions during the 15-min interval in which the DD crosses the magnetosheath. The magnetopause position varies only slightly, moving on average 0.2 R E sunward during the interval. The bow shock position almost does not change, and the DD crosses the magnetosheath with a gradually decreasing speed. Both the sunward magnetopause motion and the DD deceleration near the magnetopause confirm the previous results of Samsonov et al. (2017) . The DD imposed at the upstream numerical boundary (x = 32R E ) at 19:25 UT crosses the bow shock at 19:30 UT and reaches the magnetopause at ∼19:44 UT. As the DD speed falls to about 10-20 km/s at that time and the distance between the DD and magnetopause decreases to several hundred kilometers, we cannot determine exactly the time of interaction between the DD and magnetopause. The spatial scale becomes too small for a 3-D global MHD model and approaches the accuracy limit for MHD models. However, this time estimate agrees well with real ground and spacecraft observations, in particular, the polar cap index increases after 19:45 UT .
There is another way to find the DD propagation time between the subsolar bow shock and magnetopause. We assume that the DD propagates with the flow velocity. This is exactly correct for tangential discontinuities, while rotational discontinuities move with the Alfvén velocity with respect to plasma flow, that is, slightly faster than tangential discontinuities. Using the velocity profile along the Sun-Earth line at 19:30 UT, when the DD is slightly upstream from the bow shock, we calculate the positions of an imaginary particle moving with the flow speed. Figure 2b shows both the DD positions determined from maximal |j| (black triangles) and motion with the flow speed calculated from the quasi-stationary profile at 19:30 UT (red line). Both positions coincide with the accuracy limited by the grid resolution; thus, the DD moves with the same speed as the plasma flow, as expected for a tangential discontinuity.
We have made two other runs for DDs with different IMF magnitudes or solar wind speeds. In run 2, the plasma parameters were taken the same, but IMF B z varied from +10 to −10 nT. Thus, the solar wind Alfvén Mach number in run 2 was 2.7, that is, significantly lower than ∼5.7 in run 1. Figure 3 shows the DD propagation in this run. The magnetosheath width increases to 8.5 R E in comparison to 4.8 R E in run 1; however, the time required for the DD to cross the magnetosheath is only ∼2 min longer. The DD crosses the bow shock at 19:29 UT (1 min before the time in run 1) and reaches the magnetopause nearly at 19:45 UT (1 min later). We should mention again that the time for the magnetopause crossing cannot be determined exactly. We assume that the DD reaches the magnetopause when the distance between the two boundaries decreases to about one grid spacing. We will discuss this below.
In run 3 (not shown), we simulate a DD with the same variation in B z as in run 1, but with a constant solar wind V x equal to 800 km/s. The motion of the DD from the bow shock to the magnetopause is qualitatively the same as in runs 1-2 (motion with the plasma speed), but the magnetosheath width decreases to 2.7 R E , while the propagation time is only 6 min. Thus, a high solar wind speed significantly decreases the propagation time.
The discussion above shows that the magnetosheath propagation time of DD can be calculated using the initial (not disturbed by DD front) velocity profile along the Sun-Earth line. Below we discuss parameters that influence the propagation time delay. Figure 4a shows V x profiles along the Sun-Earth line for runs 1 and 2. The profiles were taken at 19:30 (run 1) and 19:27 (run 2) UT, before the DD crossed the bow shock. Small values for the solar wind V y and V z (17 and 18 km/s) do not play a role in the earthward motion of the DD. In run 1, the magnetopause and bow shock positions are at 12.2 and 17.0 R E . The solar wind speed decreases sharply across the bow shock, but then varies nearly linearly from a postshock value V 1 to zero at the subsolar magnetopause. There is a thin layer with a small positive V x just earthward of the magnetopause, and the speed remains very small in the dayside magnetosphere closer to the Earth.
Velocity Profiles at the Sun-Earth Line
In run 2 with a larger IMF magnitude, the velocity profile looks slightly different. The magnetopause and bow shock are located at 11.2 and 19.7 R E ; therefore, the magnetosheath thickness is 3.7 R E larger than in run 1. The postshock value (V 1 ) is greater, and V x does not change linearly through the magnetosheath: the gradient is stronger near the magnetopause. The thermal and magnetic pressure profiles along the Sun-Earth line (not shown) in run 2 differ both quantitatively and even qualitatively from those in run 1, but a detailed study of the effects of strong IMF (for low plasma beta) on the magnetosheath parameters lies outside the scope of the present work. According to the pioneering magnetosheath simulation (Spreiter et al., 1966) , the stagnation point with V = 0 occurs at the subsolar magnetopause. Below, we estimate the magnetosheath propagation time considering an ideal velocity profile with a linear speed decrease from V 1 just downstream from the bow shock to V 0 very close to the magnetopause.
We integrate the velocity profile
where T is the magnetosheath propagation time, X BS and X MP are bow shock and magnetopause coordinates, and
Assuming a linear V x profile, we find that T depends only on the magnetosheath thickness, postshock, and cutoff velocities (V 1 and V 0 ). The magnetosheath thickness and V 1 can be calculated from the upstream solar wind parameters. The cutoff speed V 0 does not have a straightforward definition. In MHD theory, V 0 for a southward IMF case can be obtained from the reconnection velocity (estimated as ∼0.1 V A , where V A is Alfvén speed near the subsolar magnetopause), but V 0 = 0 for a northward case when reconnection occurs behind the cusps. However, substituting V 0 = 0 gives infinite propagation times in (2). This is a stationary MHD solution, but in reality the magnetopause is always in motion with a typical speed of about 10-20 km/s (e.g., Kaufmann & Konradi, 1973; Paschmann et al., 1993; Phan & Paschmann, 1996) . According to Paschmann et al. (1993) , the normal magnetopause speed even in low magnetic shear cases does not fall below 3 km/s. Using the velocity profiles in runs 1 and 2 in Figure 2a , we calculate the magnetosheath propagation times as functions of V 0 . Figure 4b shows these results.
Each star in Figure 4b corresponds to a grid point in the magnetosheath with V 0 between 4 and 50 km/s. The corresponding propagation times vary between 4 and 14.7 min in run 1, and between 8 and 17.2 min in run 2. The smallest velocity corresponds to the grid point closest to the magnetopause. Assuming V 0 = 10 km/s, we get 11.4 and ∼14.4 min in runs 1 and 2, respectively. The propagation times obtained for V 0 between 4 and 10 km/s agree better with both previous observations cited by Samsonov et al. (2017) and the data analysis in section 5.
There are two limitations in the numerical MHD simulations. The first is the finite spatial resolution: the grid spacing in the subsolar magnetosheath was ∼800 km in these particular runs. The second is the intrinsic limitations of the MHD approach, for example, that the spatial scale must be larger than the proton gyroradius. The latter distance is about 1 order of magnitude smaller near the magnetopause than the grid spacing. By higher-resolution grids, we could possibly decrease V 0 and increase the propagation time. However, it does not make much sense because the propagation times in the presented simulations agree well with the observed time delays discussed in section 5. 
Propagation Time as a Function of Solar Wind Parameters
According to (2), the magnetosheath propagation time depends on V 0 , V 1 , and the magnetosheath thickness Δ SH (distance between the subsolar bow shock and magnetopause). In turn, both V 1 and Δ SH depend on solar wind parameters. Immediately downstream of the bow shock nose, V 1 is the solar wind speed divided by the compression ratio through the bow shock, and the compression ratio can be expressed in terms of the solar wind Mach number (Spreiter et al., 1966 )
Here V SW is the solar wind speed, M f is the fast magnetosonic Mach number (see comments on Mach numbers in Formisano et al., 1971) , and is the ratio of specific heats.
The magnetosheath thickness can be estimated using rather semiempirical expressions or empirical bow shock and magnetopause models. Using aerodynamic results, Spreiter et al. (1966) suggested an empirical expression related to (3)
However, it follows that Δ SH = 1.1X MP for M f = 1 while the physically correct behavior is Δ SH → ∞. Therefore, Farris & Russell, 1994 (1994 suggested a correction of (4) important for small M f Cairns & Grabbe, 1994 (1994 , also using Spreiter et al., 1966 Spreiter et al., 's (1966 relation between the shock jump condition and the magnetosheath thickness, suggested other expressions for Δ SH that predict nearly the same bow shock positions as FR94 model for typical solar wind conditions, but differ from FR94 model for stronger than usual IMF magnitudes.
Using spacecraft observations, a number of empirical magnetopause and bow shock models have been developed. In addition to the FR94 and CG94 models, we calculate Δ SH using recent bow shock models of Chao et al., 2002 and Jeráb et al., 2005 Jeráb et al., (2005 , and Shue et al. (1998) 's model for position of the subsolar magnetopause.
We assume that the magnetosheath propagation time depends mainly on the solar wind speed and IMF magnitude and direction. The influence of the solar wind density and temperature on the magnetosheath thickness, V 0 and V 1 is supposed to be less significant. Figure 5 shows the magnetosheath thickness as a function of the solar wind speed and IMF B z (and B y ) magnitude using the Ch02 (black), FR94 (blue), and J05 (red) models with = 5∕3. We use Shue et al., 1998 Shue et al., 's (1998 model to obtain the position of the subsolar magnetopause in the FR94, CG94, and Ch02 models, while the magnetopause distance was calculated from the pressure balance in the J05 model. Using the J05 bow shock model in combination with the Shue et al., 1998 Shue et al., 's (1998 magnetopause model gives the same dependence qualitatively but the magnetosheath thickness diminishes by about 1.5 R E , because the J05 model tends to underestimate the standoff position of the subsolar bow shock. Recent studies show that Shue et al., 1998 Shue et al., 's (1998 model overestimates the radial distance to the high-latitude magnetopause (Case & Wild, 2013) but slightly underestimates the radial distance to the subsolar point (Samsonov et al., 2016) . We employ the Shue et al. (1998) model because it is simple, widely used throughout the scientific community, and qualitatively reproduces known dependences on solar wind parameters quite well.
We should mention that several analytical models for the magnetosheath plasma flow and/or magnetic field have been developed (Génot et al., 2011; Kobel & Flückiger, 1994; Romashets et al., 2008; Soucek & Escoubet, 2012) , which provide quasi-stationary solutions using predetermined magnetopause and bow shock shapes. We do not use these models here because we study a nonstationary problem and obtain velocity and magnetic field distributions in the magnetosheath from global MHD simulations.
We do not intend to compare the accuracy of the different models in this paper (e.g., using higher may improve predictions in some bow shock models) but only want to illustrate the fact that the dependences of Δ SH on V SW , B z , and B y are similar for all models. The magnetosheath thickness decreases as V SW increases and increases as the magnitudes of both B z and B y increase. This agrees with expectation based on previous numerical studies (Farrugia et al., 1995) . Since the models predict very similar dependencies on B z and B y (except differences caused by large negative B z ), it seems that the magnitude of the IMF in the Y-Z plane is more important than the IMF orientation for Δ SH . Figure 6 shows the magnetosheath propagation time calculated from (2) as a function of the solar wind speed and IMF B z for the FR94 and J05 models. We vary only one selected solar wind parameter and keep others constant. The value for V 1 is obtained from (3), and V 0 = 5 km/s. Note that varying V SW we take N SW = 3.3 cm −3 , B x = 0 nT, B y = −2.6 nT, and B z = 3.1 nT, while varying B z we take V SW = 346 km/s consistent with the solar wind parameters upstream of the DD on 7 August 2008. For the given parameters, the magnetosheath propagation time varies between 4 and 15 min for solar wind speeds between 300 and 700 km/s. If |B z | (or |B y |) is less than 10 nT, variations of the IMF magnitude slightly change the propagation time (by no more than several minutes). However, for a strong IMF |B| > 10 nT (and a relatively low speed as mentioned above) the propagation time significantly increases and may exceed 30 min.
Another way to calculate the magnetosheath propagation time is to use the velocity profile along the Sun-Earth line obtained from MHD simulations. We have made two simulation runs varying either solar wind V x or B z and keeping constant all other parameters. We change V x or B z in a step-like function and then keep constant all solar wind parameters throughout a half-hour interval until a new quasi-stationary solution is obtained. We use velocity profiles so obtained to calculate the propagation time. shock as noted above. But for B z = −20, −10, and 20 nT, it becomes clear that the speed decreases faster near the magnetopause, which is probably related to the stronger magnetic field. From Figure 7b , we can infer that V 0 is larger for southward IMF, and there is a sunward flow in the outer magnetosphere possibly related to the global magnetospheric convection. The magnetosheath thickness increases with decreases of V x and increases of |B z | as mentioned above. Figure 8 shows the magnetosheath thickness and propagation times as functions of the solar wind speed and B z , as obtained from the MHD models. Triangles indicate results obtained directly from the velocity profiles in the MHD simulations, solid lines are calculated from (2) with V 0 = 5 km/s (taking the same simulated magnetosheath thickness), and the dashed line is calculated from (2) but for V 0 = 20 km/s. In the simulation, we take the cutoff velocity at a point near to, but greater than 5 km/s. As we show below, this method to determine the cutoff velocity results in a large scatter of V 0 for different velocity profiles. This is a consequence of the finite spatial resolution; therefore, V 0 may vary between 5 and 20 km/s. The scatter in V 0 results in the scatter in the propagation times obtained from the velocity profiles (triangles in Figures 8c and 8d) , especially for southward IMF because the |V x | gradient may increase sharply near the magnetopause in this case.
The results in Figures 8a and 8b are qualitatively similar to the results in Figure 5 and show a decrease in the magnetosheath thickness from 4.2 to 2.3 R E as V x increases from 300 to 700 km/s. Figure 8b shows that Δ SH increases from 3.0 to 9.5 (9.6) R E for B z varying from 0 to −20 (+20) nT. Correspondingly, the magnetosheath propagation time decreases from 16.2 to 6.7 min as the solar wind velocity increases. Figure 8d shows that the propagation time is smallest (7.7 min) for B z = −4 nT and increases to 12.6 min for B z = −20 nT and to 18.0 min for B z = 20 nT. Thus, the two different methods in Figures 6 and 8 consistently predict that propagation times increase with decreasing V x and increasing |B z |. Some quantitative differences are related to differences in other solar wind parameters (e.g., the solar wind speed is higher for the simulations in Figure 8d than in Figure 6b ). This section discussed parameters that determine magnetosheath propagation times. Increases in the solar wind flow speed result in increases in the average magnetosheath flow speed and decreases in the magnetosheath thickness. Both factors lead to decreases in the propagation time. Increases in the magnetic field magnitude (|B z | in our case) result in increases in the magnetosheath thickness and corresponding increases in the propagation time.
Timing the Response to Directional Discontinuities Seen in Ground Observations
To confirm our numerical predictions, we now consider observations defining the response to solar wind DD seen in ground data. We have chosen 35 events with both northward and southward IMF turnings observed by the Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft, probes THEMIS B and THEMIS C, in the solar wind about 10-15 R E upstream of the bow shock. We select events with steady B z during 15-20 min before and ≥5 min after the passage of the discontinuity front. The duration of the discontinuities must not exceed 2 min, and the jump of B z must exceed 2 nT. The geomagnetic activity in all events was low, that is, without magnetic storms or strong substorms.
The time of the ground response has been determined from variations in the PCN index: the PCN index increases in response to southward IMF turnings and decreases in response to northward turnings. We calculate the time delays of the ground response relative to the time when the DD should interact with the subsolar bow shock. We take into account the positions of THEMIS and the orientations of the DD fronts. We exclude very tilted DD fronts from our database. The angle between the DD normal and the Sun-Earth line is less than 45 ∘ for 60% of the DDs, and the angles for the rest lie between 45 and 61 ∘ . Figure 9 shows the time delays as a function of the solar wind speed. The red line represents an exponential fit to all points. In general, the observations confirm that the time delay decreases with increases in the solar wind speed. Moreover, the results in Figure 9 quantitatively agree with the simulation results shown in Figure 8 . In particular, as indicated by the red line, the time delay of 15 min corresponds to the speed of 300 km/s, while 7 min corresponds to 600 km/s. The numerical results for the magnetosheath propagation time in Figure 8 give nearly the same values. Note that Figures 8 and 9 actually show different times, the first is the magnetosheath propagation time, and the second is the time delay of the ground response. However, we follow the suggestion of Samsonov et al. (2017) that the time interval from the DD interaction with the magnetopause to the first ground response is small (only about 1-2 min). This time is related to the time of propagation of Alfvén wave from the magnetopause to the ionosphere, which is about 1 min.
Despite the good agreement between the observed time delays and simulation results, the scatter in Figure 9 is very large. We explain this by two factors. First, as noted above, the solar wind speed is not the only parameter that determines the magnetosheath propagation time. As we have noted, another parameter is the IMF magnitude. Second, we have shown that variations in the near-magnetopause cutoff speed V 0 may change the propagation time and we have no reliable method to take this effect into account now. The average time delay obtained for all DDs in Figure 9 is 12.8 min. The DDs with northward turnings show an average delay of 11.8 min, while the DDs with southward turnings show an average delay of 13.9 min. The northward turnings correspond to initial southward IMF conditions; therefore, time delays in such events may be smaller because of larger V 0 . Taking into account the large scatter in the observed time delays, the difference about 2 min between the average northward and southward delays is nearly insignificant; however, it agrees with the MHD simulations in Figure 8d , which show larger propagation times through the magnetosheath for quasi-stationary velocity profiles during northward IMF intervals.
Discussion and Conclusions
We studied the interaction of solar wind directional (both tangential or rotational) discontinuities with the Earth's magnetosphere. Previous observations indicated delays in the ground (ionospheric) response to discontinuities with southward or northward turnings. We found that the average time delay from the contact of DD with the subsolar bow shock to the ground response is 13 min. Although there is a large scatter, this estimate agrees with previous results. The time delays in our statistics vary from 4.5 to 33 min mainly due to different solar wind conditions. Recently, Samsonov et al. (2017) considered an event with a southward IMF turning on 7 August 2008 and explained the observed time delay in the ground response in terms of a large magnetosheath propagation time. Using global MHD simulations, they showed that it took about 14 min for the solar wind DD to cross the subsolar magnetosheath. Samsonov et al. (2017) noted that a steady northward IMF before the DD results in the formation of the magnetic barrier near the magnetopause and this magnetic barrier must be completely destroyed by magnetic reconnection at the DD front before the discontinuity can reach the magnetopause. High-speed reconnection jets in the magnetosheath originating at narrowing DD current layers were previously simulated and observed by Maynard et al., 2002 Maynard et al., (2002 Maynard et al., , 2007 and Phan et al. (2007) . However, the magnetic barrier may be evacuated from the subsolar region both by magnetic reconnection and by accelerated flows in front of the magnetopause in the direction perpendicular to magnetic field lines. We checked the latter assumption in Appendix B.
This paper continues the study of Samsonov et al. (2017) by investigating which parameters influence the propagation times of solar wind DDs traversing the magnetosheath. We first show that the DD moves through the magnetosheath with the flow velocity in MHD simulations. Therefore, we can find magnetosheath propagation times by integrating speeds from the bow shock to the magnetopause. Expression (2) contains three parameters that determine the propagation time, they are the magnetosheath thickness Δ SH , the speed immediately downstream of the bow shock V 1 , and the speed immediately upstream of the magnetopause V 0 .
Both Δ SH and V 1 depend on solar wind conditions. We select two solar wind parameters, the solar wind speed and IMF B z , which should have strong effects on propagation times. Indeed, the simulations show that the propagation time increases from about 5 to 16 min when the speed decreases from 700 to 300 km/s. Nearly the same values were obtained from observations of the ground response shown in Figure 9 .
Although we consider only IMF B z in detail, we believe that the IMF magnitude in the Y-Z plane rather than the sign of B z is the most important factor. Larger IMF magnitudes result in larger magnetosheath thicknesses, and as a result in larger propagation times. Our results suggest that the IMF magnitude significantly influences the propagation time for a strong magnetic field, for example, for |B| > 10 nT. The MHD simulation shows that the sign of B z may also influence the propagation time. The propagation time is somewhat shorter for a southward IMF (prior to the DD) than for a northward IMF with the same magnitude. We suggest that this effect comes into play via another parameter V 0 , the speed at the subsolar magnetopause.
If the magnetopause is a tangential discontinuity, hydrodynamic and MHD solutions (e.g., Spreiter et al., 1966) predict a stagnation point in the subsolar region where the speed falls to zero. However, magnetopause reconnection may result in plasma penetration through the dayside magnetopause and rapid acceleration of plasma and magnetic fields away from the subsolar point along the surface of the magnetopause. Moreover, the magnetopause usually moves with a speed of about 10-20 km/s, leading us to expect that the condition V = 0 never occurs in the magnetosheath. For the given typical solar wind conditions, the propagation time decreases from 15 to 4 min as V 0 increases from 4 to 50 km/s. Reasonable estimates for the propagation time suggest V 0 about 5 km/s for northward IMF and about 20 km/s for southward IMF.
We compared V x profiles along the Sun-Earth line in the MHD simulations for stationary northward and southward IMF conditions (not shown) and found that the average V x through the subsolar magnetosheath is 129 km/s for northward IMF and 164 km/s for southward IMF. This agrees with the larger V 0 and shorter propagation time for southward IMF mentioned above. The smaller average velocity for northward IMF can be explained by the fact that the magnetic field strength near the magnetopause is larger and the Ampére's force pushes plasma away from the subsolar region.
At the same time, we obtain a large scatter extracting the propagation time from the MHD simulations for southward IMF, while the difference between the average time delays for northward and southward IMFs obtained from observations (∼2 min) is almost the same as the accuracy of the time delay determination. This prevents us from making any firm conclusions comparing positive and negative B z cases, and we postpone a detailed physical explanation of V 0 for the future.
Summarizing this paper, we emphasize that flow deceleration in the magnetosheath must be taken into account when estimating propagation times for solar wind structures from the Lagrangian point to the subsolar magnetopause. Assuming that the solar wind structures move with the solar wind speed through the magnetosheath up to the magnetopause may result in significant underestimations of the propagation time. We believe that the conclusions of our paper are valid not only for tangential discontinuities (with sharp changes of IMF orientation as shown above), but for all solar wind structures convected with the solar wind speed.
We summarize the most important points below.
• DDs decelerate in the magnetosheath, leading to delayed ground responses to their arrival.
• The average time delay from the contact of DD with the subsolar bow shock to the ground response is about 13 min.
• This time delay depends on the solar wind speed and IMF magnitude and slightly changes with the IMF B z polarity, being slightly smaller for a strong negative B z on the leading edge of DD.
• The principal factor determining the time delay is the velocity profile through the magnetosheath, that in turn is influenced by magnetopause reconnection.
Appendix A: Differences in Magnetopause Locations
We have used three different methods to find the subsolar magnetopause: first, as the maximum in |j|, second, as the boundary between open and closed field line topologies (using CCMC intrinsic routines), and third, using the condition V x = 0. To illustrate how these methods work, Figure A1 presents V x and |j| profiles along the Sun-Earth line: (1) for northward and southward IMF, (2) for typical and strong IMF magnitudes. The figure displays differences in magnetopause locations determined by the three methods and shows how these vary in response to IMF B z sign and magnitude.
The figure demonstrates that (1) the open-closed field line boundary nearly coincides with the position where V x = 0 in all cases; (2) the location where |j| maximizes may be slightly farther from the Earth than the positions determined by the two other methods, but not by more than 0.5 R E ; that is, the difference is comparable to the grid resolution; (3) for a strongly northward IMF it can be difficult to determine the magnetopause position from the maximum in |j|, but we use V x profiles to determine the magnetopause in such cases. Finally, the magnetopause lies closer to the Earth for southward IMF than for northward IMF, as expected when magnetopause reconnection is occurring.
To illustrate the effect of spatial resolution on magnetopause location, we compare results from two other runs with high (Δ = 1∕8 R E ) and low (Δ = 1∕4 R E ) resolutions for a strong southward IMF case. Figure A2 shows the corresponding V x and |B| profiles in the both runs. Enhanced resolution results in (1) sharper magnetopause and bow shock discontinuities and (2) a slight decrease in the distance to the subsolar point which is possibly related to the sharper discontinuity fronts. So we deduce that changes in spatial resolution do not change our conclusions.
In the same two runs, we compare velocity distributions in the noon-meridional plane (not shown). The flow velocity drops to nearly zero at the subsolar magnetopause and increases both northward and southward along the magnetopause finally exceeding the solar wind value. This is a signature of magnetopause reconnection. The velocity grows slightly faster in the high-resolution run.
Appendix B: The Role of Magnetic Reconnection in Decay of the Magnetic Barrier
In this supplementary section we check whether the magnetic barrier in front of the magnetopause is destroyed mainly by magnetic reconnection at the DD front. If the magnetic barrier is removed by magnetic reconnection, the flow speed will increase in the direction along magnetic field, that is, along z axis. If the magnetic field lines upstream of the magnetopause are carried away solely by the accelerated magnetosheath flow, the velocity would increase mainly in the direction perpendicular to magnetic field (along y axis). Figure B1 shows the differences in V y (y), V z (z), and |j(z)| profiles about 1 R E upstream of the subsolar magnetopause at 3 times during the DD motion through the magnetosheath. An increase in the electric current indicates the position of the DD front in the magnetosheath. The DD front reaches the subsolar magnetosheath at x = 13 R E nearly at 19:35 UT (red lines). The figure reveals an increase in V z directed upward above and downward below the equatorial plane resulting from magnetic reconnection at the DD front. On the contrary, V y changes insignificantly when the DD propagates through the magnetosheath. This result confirms our initial assumption that magnetic reconnection is the main mechanism to remove magnetic field pileup in front of the magnetopause.
